INTRODUCTION {#SEC1}
============

Control of eukaryotic gene expression involves a highly ordered regulatory network of *cis*-acting elements and trans-acting factors to ensure that a given gene product is produced in the correct amount at the proper time and location. RNA-binding proteins are critical regulators of the co- and posttranscriptional events that control gene expression ([@B1]). These events include processing steps such as the initial capping of the nascent mRNA emerging from RNA polymerase, the splicing of the primary transcript, and the formation of the 3′end of the mRNA through cleavage and polyadenylation ([@B2],[@B3]). Upon completion of these steps, a mature mRNA is generated that is packaged with RNA-binding proteins to form a messenger ribonucleoprotein (mRNP) complex ([@B4]). This mRNP can then be exported from the nucleus and undergo further regulation in the cytoplasm.

The importance of RNA-binding proteins is evident in both their critical role in gene expression and the growing number of diseases that are associated with the mutation of genes encoding these proteins ([@B5],[@B6]). Interestingly, an emerging subset of these diseases are tissue-specific diseases that result from mutation in genes encoding ubiquitously expressed proteins ([@B6]). Recently, mutations in the gene encoding the ubiquitously expressed RNA-binding protein ZC3H14 were linked to an inherited form of autosomal recessive intellectual disability ([@B7]). This finding suggests that ZC3H14 plays a critical role in the brain. However, the function of ZC3H14 has been largely studied in cultured cell lines and lower order model organisms ([@B7]).

Initial understanding of the function of ZC3H14 came from studies of the budding yeast orthologue Nab2 ([@B10]). ZC3H14 and Nab2 share conserved domain structures that consist of an N-terminal PWI-like domain and C-terminal tandem CCCH zinc fingers ([@B10],[@B11]). This work showed that *NAB2* is an essential yeast gene that is required for proper poly(A) tail length control and poly(A) RNA export from the nucleus ([@B12]). Like Nab2, ZC3H14 is primarily localized to the nucleus and both Nab2 and ZC3H14 bind with high affinity to polyadenosine RNA ([@B15],[@B16]). Although Nab2 and ZC3H14 bind to polyadenosine RNA tracts ([@B17]) and therefore could bind to all mRNA transcripts, previous work has shown that loss of ZC3H14 only alters the steady-state levels of a small number of transcripts ([@B9]). This finding focuses the regulation of mRNA processing by ZC3H14 to a select group of transcripts.

As patients with mutations in the *ZC3H14* gene that cause loss of the ZC3H14 protein display brain phenotypes, the role of ZC3H14 in the brain has begun to be studied ([@B7]). Studies of the ZC3H14 orthologue in *Drosophila*, dNab2, provide evidence that the function of dNab2 is critical in neurons ([@B7]). *dNab2* mutant flies have compromised brain function and severe brain morphology defects ([@B18]). Importantly, these defects in the fly can be rescued by the expression of either dNab2 or the mammalian ZC3H14 protein exclusively in neurons ([@B18]). Furthermore, the generation of a *Zc3h14* mutant mouse model revealed that global loss of ZC3H14 impairs higher order brain function with the mutant mice displaying defects in working memory ([@B19]). These findings coupled with the defects reported in the *ZC3H14* patients ([@B7]) further emphasize the need to understand the function of ZC3H14 in the brain.

In this study, we identify proteins that interact with ZC3H14 in the brain. We employ a proteomic approach using fractionated mouse brain lysate to identify the nuclear factors that interact with ZC3H14. Among the most enriched factors is a group of proteins that belong to an RNA-processing complex termed the THO complex. The THO complex is a multi-subunit complex that is essential for RNA processing ([@B20]). Most studies of this complex have been performed in budding yeast and these studies have linked this complex to transcription elongation, mRNA splicing, and mRNA export ([@B20]). Interestingly, mutations in genes encoding components of this complex *THOC2* and *THOC6* are associated with brain disorders, similar to mutations in *ZC3H14* ([@B24]).

Here, we demonstrate that ZC3H14 and the THO complex physically interact and coordinately regulate the processing of mRNA transcripts. As previously shown for ZC3H14, we demonstrate that THO components are required for proper control of bulk poly(A) tail length. As these factors do not affect all RNAs ([@B9],[@B27],[@B28]), we have identified two transcripts *Atp5g1*, which encodes a component of the ATP synthase machinery ([@B29]), and *Psd95 (Dlg4)*, which encodes a component of the neuronal post synaptic density ([@B30]), as shared targets of ZC3H14 and the THO complex. This work reveals that ZC3H14 and the THO complex are required to coordinate nuclear processing of *Atp5g1* and *Psd95* mRNAs with export from the nucleus. Loss of these factors leads to a decrease in the steady-state levels of the mature *Atp5g1* and *Psd95* mRNAs and accumulation of the pre-mRNAs of these transcripts in the cytoplasm. Taken together, these results suggest coordination between ZC3H14 and the THO complex to ensure proper mRNA processing prior to export from the nucleus.

MATERIALS AND METHODS {#SEC2}
=====================

Tissue fractionation and immunoprecipitations {#SEC2-1}
---------------------------------------------

Brain tissue was collected from wild-type C57BL/6 mice and fractionated as first described in Guillem *et al*. 2005 ([@B31]). Nuclear pellets were suspended and sonicated (5 times at 10% output) in immunoprecipitation (IP) buffer (50 mM Tris--HCl \[pH 7.4\], 150 mM NaCl and 0.5% NP-40) supplemented with 1 cOmplete mini protease inhibitor tablet (Roche). Lysates were spun at 13 000 rpm for 10 min (min) at 4°C and protein concentrations were determined using a standard bicinchoninic acid (BCA) assay (Pierce). Protein A-magnetic beads (Dynabeads; Invitrogen) were suspended in IP buffer and incubated for 30 min with preimmune rabbit serum or an equal volume of experimental antibody (4 μg/mg of protein lysate) at room temperature. Bead/antibody complexes were added to clarified cell lysates, followed by incubation at 4°C overnight while tumbling end over end (10% removed prior to overnight incubation for input samples). After incubation, the beads were magnetized and washed five times with ice-cold IP buffer. At this point, samples were prepared for mass spectrometry analysis or for immunoblotting. For immunoblotting, protein complexes were eluted with reducing sample buffer (250 mM Tris--HCl, 500 mM dithiothreitol \[DTT\], 10% SDS, 0.5% bromophenol blue, and 50% glycerol).

Mass spectrometry analysis {#SEC2-2}
--------------------------

Mass spectrometry analysis was performed as previously described by Soucek *et al*. ([@B8]). Magnetic beads from control and ZC3H14 immunoprecipitates were suspended in 8 M urea--100 mM NaHPO~4~ (pH 8.5; 50 μl, final volume) and treated with 1 mM DTT at 25°C for 30 min, followed by 5 mM iodoacetamide at 25°C for 30 min in the dark. The samples were then diluted to 1 M urea with 50 mM ammonium bicarbonate (final volume, 400 μl) and digested with lysyl endopeptidase (Wako; 1.25 ng/l, final concentration) at 25°C for 4 h and further digested overnight with trypsin (Promega; 1.25 ng/l, final concentration) at 25°C. The resulting peptides were desalted with a Sep-Pak C18 column (Waters) and dried under vacuum. Each sample was suspended in loading buffer (0.1% formic acid, 0.03% trifluoroacetic acid, 1% acetonitrile) and analyzed independently by reverse-phase liquid chromatography (LC) coupled with tandem mass spectrometry (MS/MS) essentially as previously described with some minor modifications ([@B32],[@B33]). Briefly, peptide mixtures were loaded onto a C18 nanoLC column (75 m \[inner diameter\], 15-cm long, 1.9-m resin \[Maisch GmbH\]) and eluted over a 5 to 0% gradient (buffer A: 0.1% formic acid; buffer B: 0.1% formic acid in 100% acetonitrile). Eluates were monitored in an MS survey scan, followed by 10 data-dependent MS/MS scans on a Q-Exactive plus Orbitrap mass spectrometer (Thermo Scientific). The acquired MS/MS spectra were searched against a concatenated target decoy mouse reference database (v.62) of the National Center for Biotechnology Information (downloaded 14 November 2013 with 30 267 target entries) using the SEQUEST Sorcerer algorithm (version 4.3.0; SAGE-N). The search parameters included the following: fully tryptic restriction, parent ion mass tolerance of 50 ppm, up to two missed trypsin cleavages, and dynamic modifications for oxidized Met (15.9949 Da). The peptides were classified by charge state and first filtered by mass accuracy (10 ppm for high-resolution MS) and then dynamically by increasing XCorr and Cn values to reduce the protein false discovery rate to 1%. If peptides were shared by multiple members of a protein family, the matched members were clustered into a single group in which each protein identified by a unique peptide represented a subgroup. The total peptide spectra match (PSM) counts are provided in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} in the Supplementary material.

Gene ontology (GO) enrichment and network {#SEC2-3}
-----------------------------------------

Functional enrichment of the modules was determined using the GO-Elite (v1.2.5) package ([@B34]). The set of total proteins (1,350) identified was used as the background. We analyzed the 62 proteins enriched in IP (\[PSM\] IP/bead fold change of 2). The Z-score determines the overrepresentation of ontologies in a module, and a permutation *P*-value was used to assess the significance of a *Z*-score cutoff of 4.5 and a *P*-value cutoff of 0.05, with a minimum of three proteins per category used as filters in pruning the ontologies. A horizontal bar graph was plotted in R. The networks were constructed using the Circlize package in R.

Immunoblotting {#SEC2-4}
--------------

Protein lysates were boiled in reducing sample buffer and resolved on 4--20% Criterion TGX polyacrylamide gels (Bio Rad). Proteins were transferred to nitrocellulose membranes and incubated for at least 1 h in blocking buffer (5% non-fat dry milk in 0.1% TBS-Tween). This step was followed by an overnight incubation at 4°C in primary antibody diluted in blocking buffer. Primary antibodies were detected using species-specific horse radish peroxidase (HRP) conjugated secondary antibodies (Jackson ImmunoResearch) followed by incubation with enhanced chemiluminescence substrate (ECL, Sigma). Chemiluminescence was detected by exposing blots to autoradiography film (Daigger). Immunoblots were quantified using ImageJ software. Primary antibodies and dilutions employed as they appear: ZC3H14, (1:6000) ([@B15]), Nuclear Pore complex NUP93 and NUP62, (1:5000), (414, Abcam, ab24609), eIF5, (1:5000) (Santa Cruz, sc-282), THOC1, (1:1000), (Bethyl, A302-839A), THOC2, (1:2000), (Bethyl, A303-630A), ALYREF, (1:1000), (ALY, Santa Cruz, sc-32311), HuR, (1:1000), (Santa Cruz, sc-5261), NPM1, (1:1000), (B23, Santa Cruz, sc-6013), THOC5, (1:1000) (Bethyl, A302-119A), HSP90, (1:1000), (Santa Cruz, sc-13119), and NXF1, (1:1000), (TAP, Santa Cruz, sc-32319).

Glycerol density gradients {#SEC2-5}
--------------------------

Nuclei from mouse brain tissue were collected and lysed as described for tissue fractionation and immunoprecipitation. Nuclear lysate was nuclease treated using Benzonase (Sigma). Approximately 1.5 mg of nuclear lysate in a 300-μl volume was layered on top of a 10--50% glycerol gradient (10 mM HEPES pH 7.5, 2 mM MgCl~2~, 10 mM KCl, 0.5 mM EDTA and 150 mM NaCl) in 14 × 89 mm tubes (Beckman Coulter), and spun in a SW41Ti rotor (Beckman Coulter) at 30 000 × RPM for 16 h at 4°C. Gradients were fractionated top to bottom into 500-μl fractions using the Gradient Master automated fraction collector (BioComp).

Cell culture and siRNA transfections {#SEC2-6}
------------------------------------

Neuro2a (N2a) cells are a mouse neuroblastoma cell line ([@B35]). Cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% FBS and antibiotics and grown under standard environmental conditions. Individual siRNAs were transfected into cultured cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s protocol in antibiotic free media. In experiments where cells were treated with two different siRNAs, cells were transfected simultaneously with double the amount of siRNA as the single transfections. siRNAs: Scrambled (Scr) control (Stealth siRNA Neg Control Medium GC, Invitrogen), *Zc3h14* (Stealth siRNA, Invitrogen, GAAGAGCCTCGATACTGACTCCAAA), *Thoc1* (MISSION esiRNA, Sigma EMU081331), *Thoc5* (MISSION esiRNA, Sigma EMU003181).

RNA isolation and quantitative RT-PCR {#SEC2-7}
-------------------------------------

Total RNA was isolated from N2a cells using the TRIzol reagent (Invitrogen) according to the manufacturer\'s protocol. Isolated RNA was treated with Turbo DNase (Invitrogen) to degrade contaminating DNA. For qRT-PCR analyses, cDNA was generated using the MMLV Reverse transcriptase (Invitrogen) from 1 μg of total RNA. Relative mRNA levels were measured by quantitative PCR analysis of duplicate samples of 15 ng cDNA with QuantiTect SYBR Green Master Mix using an Applied Biosystems StepOne Plus real time machine (ABI). Results were analyzed using the ΔΔCT method and normalized to 18S rRNA. Oligonucleotide sequences are provided in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Bulk Poly(A) tail length assays {#SEC2-8}
-------------------------------

Bulk poly(A) tails were analyzed as described previously ([@B8],[@B36]). Briefly, total RNA was 3′end labeled with \[^32^P\]-pCp (cytidine 3′,5′ bisphosphate) (Perkin Elmer) using T4 RNA ligase. RNA was then digested with RNase A and T1 and resolved on TBE-Urea (90 mM Tris-borate, 2 mM EDTA, 8 M urea) 7% polyacrylamide gels. Gel images were obtained using a Typhoon phosphorimager and quantified using ImageQuant software.

RNA immunoprecipitation {#SEC2-9}
-----------------------

N2a cells were grown on 100-mm plates and UV crosslinked at 254 nm using a Stratalinker UV 2400 (Stratagene). Cells were then suspended in RNA-IP buffer (50 mM Tris--HCl, pH 7.4, 150 mM NaCl, 10% RIPA-2 buffer in DEPC-treated water) supplemented with 1 cOmplete mini protease inhibitor tablet (Roche). Lysates were then sonicated on ice 5 times at 10% output and spun at 13,000 RPM for 10 min at 4°C. Protein concentration was determined with a standard BCA assay (Pierce) and standard immunoprecipitation protocol followed.

Cell fractionation {#SEC2-10}
------------------

N2a cells were collected on ice, spun down, and suspended in ice-cold fractionation buffer (10 mM Tris--HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl~2~, 0.5% (v/v) NP-40), supplemented with 1 mini cOmplete protease inhibitor tablet (Roche) for 10 min on ice. Cell lysates were centrifuged at 1000 × g for 5 min and the supernatant or cytoplasmic fraction was separated from the nuclear pellet. The nuclear pellet was then washed once with fractionation buffer and centrifuged at 1000 × g for 5 min. The resulting pellet was collected as the nuclear fraction. RNA was isolated from each fraction with TRIzol reagent (Invitrogen). Protein samples were suspended with RIPA-2 buffer and prepared for immunoblotting.

Statistical analysis {#SEC2-11}
--------------------

Comparisons between experimental groups were made using one-way analysis of variance (ANOVA), unless noted otherwise. All data are presented as means and standard error of the mean (SEM) (error bars) for at least three independent experiments. Asterisks (\*) indicate statistical significance at \**P*-value \< 0.05.

RESULTS {#SEC3}
=======

ZC3H14 interacts with the THO complex {#SEC3-1}
-------------------------------------

To examine the function of ZC3H14 in the brain, we first analyzed the nucleocytoplasmic distribution of the protein in the brain. We collected and fractionated mouse brain tissue as described in Materials and Methods. Figure [1A](#F1){ref-type="fig"} shows the distribution of the endogenous ZC3H14 protein. The polyclonal antibody raised against the N-terminal domain of ZC3H14 detects multiple ZC3H14 isoforms generated by alternative splicing, but does not detect a predicted cytoplasmic isoform that lacks the N-terminal domain ([@B15]). The nuclear fraction contains the bulk of ZC3H14 protein. However, ZC3H14 can be detected in the cytoplasmic (Cyto) fraction with enrichment for the ∼70 kDa isoforms of ZC3H14 as compared to the ∼100 kDa isoform.

![ZC3H14 interacts with multiple mRNA processing proteins in the brain. (**A**) Fractionation of mouse brain lysate. Equal amounts of protein lysate from Total, Nuclear, or Cytoplasmic (Cyto) fractions were analyzed by immunoblotting with ZC3H14 antibody. The ZC3H14 antibody recognizes multiple isoforms of ZC3H14 resulting from alternative splicing of the *ZC3H14* gene ([@B15]). To ensure proper fractionation, a nuclear marker (NUP93) and a cytoplasmic marker (eIF5) are shown. Molecular weights are indicated in kDa. (**B**) The gene ontology (GO) terms for the proteins that are mostly highly enriched within the immunoprecipitation of ZC3H14 compared to IgG control as identified by tandem mass spectrometry. These proteins are grouped based on the three GO domains: Biological Process, Cellular Component, and Molecular Function. The inclusion criteria for this analysis were a *Z*-score of \> 4.5, a *P*-value of \< 0.05, and at least three gene terms per GO term. (**C**) The gene terms that cluster into the listed GO terms in (B) are depicted. Colored lines connect GO categories to GO terms and individual term members. All core members of the THO complex (THOC1, THOC2, THOC3, THOC5, THOC6, THOC7) are present (indicated by an asterisk) as well as the THO associated proteins CHTOP and ALYREF (underlined).](gky446fig1){#F1}

As the majority of ZC3H14 is nuclear, we sought to identify factors that interact with ZC3H14 in the nucleus. To identify ZC3H14-interacting proteins, we collected mouse brain tissue and isolated the nuclear fraction. We then immunoprecipitated endogenous ZC3H14 and associated proteins from the nuclear fraction using a polyclonal ZC3H14 antibody ([@B15]). With unbiased mass spectrometry, we identified ZC3H14-interacting proteins and compared results from our ZC3H14 immunoprecipitation to the results obtained with control pre-immune serum. These interacting proteins are presented in detail in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} as well as Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}.

To explore the relationship between ZC3H14 and the interacting proteins identified, we used GO analysis. Figure [1B](#F1){ref-type="fig"} shows the GO analysis of the 62 'top' interacting candidates identified by the mass spectrometry analysis. These 'top' candidates were selected based on the criteria that they were only identified in the ZC3H14 immunoprecipitation and not with the control pre-immune serum and they showed a ≥ 2 peptide spectra matched (PSM) quantification. Of the 62 proteins, 38 proteins grouped based on the three GO domains: Biological Process, Cellular Component, and Molecular Function. A Z-score cutoff of \> 4.5, a *P*-value cutoff of \< 0.05, and a three-gene per category minimum were used as filters to refine the ontologies. The 62 proteins selected for GO analysis are shaded in grey in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

From our analysis, we found that all the identified GO terms relate to mRNA processing (Figure [1B](#F1){ref-type="fig"}). This result is consistent with previous reports on the proteins that associate with ZC3H14 and the role for ZC3H14 as a regulator of mRNA processing ([@B8]). Previous studies show that ZC3H14 localizes to nuclear speckles and interacts with components of the exon junction complex (EJC) ([@B8],[@B15],[@B37]). Consistent with these data, the GO terms for nuclear speckle and the EJC serve as positive controls for our analysis. Figure [1C](#F1){ref-type="fig"} presents a circle graph depicting the specific genes identified in each of the GO categories. The colored sections correspond to the GO domain, where each GO term is linked to the individual gene symbol. All of the identified factors that cluster into GO terms (38 total) are shown. Notably, among the most significant categories identified is the THO complex. Every member of the mammalian THO complex was identified in the ZC3H14-interacting proteome, as indicated in Figure [1C](#F1){ref-type="fig"} by the asterisks. In addition, two THO-associated factors were identified, ALYREF and CHTOP ([@B38],[@B39]). These results suggest a potential physical link between ZC3H14 and the THO complex.

### ZC3H14 physically associates with the THO complex {#SEC3-1-1}

The mammalian THO complex is a six-member complex implicated in various RNA processing events that plays critical roles in dictating mRNA fate ([@B40],[@B41]). Functional studies of various THO components in mammalian cells and budding yeast suggest roles in transcription elongation, mRNA splicing and nuclear mRNA export ([@B20]). Like ZC3H14, THO components are ubiquitously expressed and yet mutations in two THO component genes *THOC2* and *THOC6* are linked to brain disorders ([@B24]). This finding strengthens the rationale to explore the relationship between ZC3H14 and the individual THO components.

To validate the interaction between ZC3H14 and individual THO components, we immunoprecipitated ZC3H14 from mouse brain nuclear lysate as described for the mass spectrometry analysis. Utilizing SDS-PAGE and immunoblotting, we assessed the enrichment of THO components in the ZC3H14 immunoprecipitate. As shown in Figure [2A](#F2){ref-type="fig"}, the ZC3H14 protein is enriched in the immunoprecipitation compared to the input and the IgG control. The THO components THOC1 and THOC2 and the THO-associated protein ALYREF are all enriched in the bound fraction with ZC3H14 but not with the IgG control (Figure [2A](#F2){ref-type="fig"}). The interaction between ZC3H14 and THOC1 is not affected by the addition of RNase, however, the interaction between ZC3H14 and THOC2 is partially reduced upon addition of RNase and the interaction with ALYREF is completely abolished. As a negative control, we used the RNA-binding protein HuR, which was not detected as an interacting protein in our mass spectrometry experiments. Consistent with our analysis, HuR shows no co-enrichment with ZC3H14. To further examine the interaction between ZC3H14 and THO components, we performed a reciprocal immunoprecipitation with THOC1. As shown in Figure [2B](#F2){ref-type="fig"}, ZC3H14 co-immunoprecipitates with THOC1 in a manner that is insensitive to RNase treatment. THOC2 serves as a positive control for THOC1 binding, as these proteins interact within the THO complex ([@B42]).

![ZC3H14 interacts with the THO complex. (**A**) Co-immunoprecipitation of ZC3H14 and THO components from mouse brain lysate. The Input and immunoprecipitated samples for ZC3H14, ZC3H14 + RNase, and control IgG are shown. THOC1 and THOC2 serve as representative members of the THO complex, together with the THO-associated protein ALYREF. HuR serves as a negative control. Asterisks indicate non-specific protein bands detected by the commercial antibodies. (**B**) Reciprocal co-immunoprecipitation using anti-THOC1. The Input and immunoprecipitated samples for THOC1, THOC1 + RNase and control IgG immunoprecipitations were probed to detect THOC1, ZC3H14 and THOC2 proteins. (**C**) Sedimentation of ZC3H14 protein complexes from the nuclear fraction of mouse brain lysate through a 10--50% glycerol gradient. Gradient fractions from top to bottom were resolved on SDS-PAGE from left to right. Fractions were probed with antibodies to detect ZC3H14, THOC1, THOC2, ALYREF and Nucleophosmin (NPM1) as a control. The Input sample is shown on the left. Overlapping fractions are outlined. Molecular weights are shown in kDa and indicated to the left.](gky446fig2){#F2}

To test whether ZC3H14 and the THO complex exist in a macromolecular complex, we employed glycerol density gradients to sediment nuclear lysate. We purified nuclei from mouse brains and fractionated the nuclease-treated nuclear lysate through a 10--50% glycerol density gradient. Figure [2C](#F2){ref-type="fig"} shows the resulting immunoblot performed on the glycerol gradient fractions. The fractions increase in density from left to right, with the lightest protein complexes sedimenting towards the left and the heaviest complexes towards the right. ZC3H14 has a wide distribution throughout the gradient. The THO components THOC1 and THOC2 sediment together and are largely restricted to fractions 7--9. Fractions 7--9 also are enriched for ZC3H14 and the THO-associated protein ALYREF. However, these THO-containing fractions do not show enrichment for all nuclear RNA-binding proteins as evidenced by the distribution of the Nucleophosmin (NPM1) protein. These data show a clear overlap between ZC3H14, ALYREF and THO component containing fractions suggesting that these proteins can exist in a complex.

Loss of ZC3H14 and THO components affect processing of mRNAs {#SEC3-3}
------------------------------------------------------------

### THO components are required for proper bulk poly(A) tail length control {#SEC3-3-1}

Previous studies have shown that ZC3H14 plays an evolutionarily conserved role in poly(A) tail length control ([@B14],[@B18],[@B19],[@B45]). We tested whether THO components are also required for proper poly(A) tail length control. For these studies, we used a mouse neuronal cell line, Neuro2a (N2a) cells, as our experimental model ([@B35]). We treated these cells with siRNA to knockdown *Zc3h14, Thoc1* or *Thoc5* and compared to cells treated with a scrambled (Scr) control siRNA. Total RNA from these cells was then isolated and subjected to a poly(A) tail length assay as described in Materials and Methods. Figure [3A](#F3){ref-type="fig"} shows an immunoblot demonstrating efficient siRNA-mediated depletion of THOC1, THOC5 and ZC3H14. The protein eIF5 serves as a loading control. Figure [3B](#F3){ref-type="fig"} shows detection of end-labeled poly(A) tracts that were resolved on a polyacrylamide gel with the number of adenosines increasing from left to right. As shown previously for loss of ZC3H14 ([@B45]), depletion of the THO components THOC1 and THOC5 causes extended bulk poly(A) tails when compared to the control. This result is quantified by a line scan analysis of the samples (Figure [3C](#F3){ref-type="fig"}). The signal from each lane is normalized to the beginning of the gel to correct for loading. This analysis demonstrates that loss of ZC3H14, THOC1 or THOC5 causes a significant increase in the length of bulk poly(A) tail revealing that these factors are required for proper control of poly(A) tail length.

![Knockdown of ZC3H14 and THO components cause extended bulk poly(A) tails. N2a cells were treated with scrambled (Scr), *Thoc1, Thoc5* or *Zc3h14* siRNA to deplete the corresponding proteins. (**A**) Immunoblot of protein samples from siRNA-treated N2a cells. Antibodies against THOC1, THOC5, and ZC3H14 were used to confirm depletion of each protein. eIF5 serves as a loading control for each sample. Molecular weights are given in kDa and indicated to the left. (**B**) Representative image of 3′-end labeled poly(A) tracts from bulk poly(A) tails of the siRNA-treated cells that have been resolved on a denaturing polyacrylamide gel and detected by autoradiography. (**C**) Line scan analysis of bulk poly(A) tail length. Poly(A) tails were quantified using ImageQuant software by plotting Pixel Intensity versus poly(A) tail length and normalizing to the start of the gel. Size markers are shown for 100 nt, 200 nt, and 300 nt. Line scan data are presented as means for three independent experiments. Statistical analysis was performed using a non-parametric, one-way ANOVA Kruskal-Wallis test. Asterisks (\*) indicate results that are statistically significant at \**P*-value \< 0.05.](gky446fig3){#F3}

### ZC3H14 and the THO complex regulate the processing of specific transcripts {#SEC3-3-2}

To begin to define the function(s) shared by ZC3H14 and the THO complex in RNA processing, specific target transcripts needs to be defined. However, the complete set of transcripts that is regulated by ZC3H14 and/or THO components in the brain is not known. To identify common transcripts regulated by ZC3H14 and the THO complex, we performed RNA immunoprecipitations of endogenous ZC3H14, THOC5 and ALYREF and analyzed candidate target RNA transcripts. While the RNA-binding mechanism for the THO complex is not yet understood, THOC5 and ALYREF were chosen based on their suggested role as the mRNA adapters for the THO complex ([@B39],[@B46]).

For RNA immunoprecipitations, endogenous ZC3H14, THOC5 and ALYREF were immunoprecipitated from UV crosslinked N2a cells (Figure [4A](#F4){ref-type="fig"}). Associated RNA was isolated, converted to cDNA and then subjected to qPCR for analysis (Figure [4B](#F4){ref-type="fig"}--[E](#F4){ref-type="fig"}). Transcript levels were normalized to input and then to IgG control. Using a candidate-based approach, we tested for enrichment of RNA targets using a previously identified ZC3H14 target transcript *Atp5g1* ([@B9]) and other important neuronal transcripts with potential links to ZC3H14 (unpublished results), *Psd95* (*Dlg4*) and *Mapt*. The *Atp5g1, Psd95* and *Mapt* mRNA are all significantly enriched in ZC3H14, THOC5 and ALYREF precipitations as compared to the IgG control (Figure [4B](#F4){ref-type="fig"}--[D](#F4){ref-type="fig"}). The *Rplp0* transcript is not enriched in these precipitations, showing that not all transcripts associate with these factors (Figure [4E](#F4){ref-type="fig"}).

![ZC3H14 and THO components bind to common mRNA targets. (**A**) Endogenous ZC3H14, THOC5 and ALYREF RNA immunoprecipitation from N2a cells. The Input fractions and the Bound immunoprecipitated fractions were compared to the IgG immunoprecipitated control to confirm efficient and specific immunoprecipitation of ZC3H14, THOC5, and ALYREF. Molecular weights are indicated in kDa to the left. Asterisk indicates a non-specific band recognized by the commercial ALYREF antibody. (B--E) Quantification of RNA IP enrichment in (A). RNA isolated from the RNA-IPs was subjected to RT-qPCR analyses to detect the (**B**) *Atp5g1*, (**C**) Psd95, (**D**) *Mapt* and (**E**) *Rplp0* transcripts. RNA levels in the bound fractions are normalized to input levels and are presented as fold change normalized to IgG control, with the value of the IgG control set to 1.0. Values represent the mean ± SEM for *n* = 3 independent experiments. Asterisks (\*) indicate results that are statistical significance at \**P*-value \< 0.05.](gky446fig4){#F4}

We next tested whether loss of ZC3H14 or THO components affects the steady-state levels of the *Atp5g1, Psd95* or *Mapt* transcripts. We treated N2a cells with siRNA against *Thoc1, Thoc5, Zc3h14*, or a scrambled control siRNA. We isolated total protein and total RNA samples from these cells. Protein samples were separated by SDS-PAGE and analyzed by immunoblotting to confirm efficient siRNA-mediated depletion (Figure [5A](#F5){ref-type="fig"}). RNA from each siRNA-treated sample was analyzed by qRT-PCR to assess steady-state levels of the *Atp5g1, Psd95*, and *Mapt* transcripts. Depletion of ZC3H14, THOC1, and THOC5 all cause a statistically significant decrease (∼50%) in the steady-state levels of both the *Atp5g1* and *Psd95* transcripts (Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). In contrast, *Mapt* mRNA is only affected by depletion of ZC3H14 with an ∼50% decrease in steady-state levels (Figure [5C](#F5){ref-type="fig"}). Depletion of the THO components THOC1 or THOC5 does not alter the steady-state levels of *Mapt* mRNA. These results suggest that *Atp5g1* and *Psd95* are shared transcripts regulated by ZC3H14 and the THO complex but not all ZC3H14 target transcripts are shared with the THO complex.

![Depletion of ZC3H14 or THO components decreases steady-state mRNA levels. N2a cells were treated with siRNA to deplete THOC1, THOC5, or ZC3H14. Cells where either treated with individual siRNA or siRNA used in combination to deplete both THOC1 and ZC3H14 or both THOC5 and ZC3H14. Protein samples were analyzed by immunoblotting in (A) and RNA was analyzed by qRT-PCR in (B-D). (A) Antibodies against THOC1, THOC5, and ZC3H14 were used to confirm depletion of each protein with NPM1 serving as a loading control. Molecular weights are given in kDa and indicated to the left. Asterisk indicates a non-specific band recognized by the commercial THOC1 antibody. (B-D) RNA levels for (B) *Atp5g1*, (C) *Psd95*, and (D) *Mapt* mRNA are normalized to *18S* transcript levels and are presented as fold change normalized to Scr control, with the value for the Scr control set to 1.0. Values represent the mean ± SEM for n = 3 independent experiments. All primers span exon-exon boundaries to specifically detect mature mRNA. Asterisks (\*) indicate results that are statistically significant at \**P* \< 0.05.](gky446fig5){#F5}

One potential explanation for the shared phenotypes of ZC3H14 and THO depletion on poly(A) tail length and steady-state levels of RNA targets could be that depletion of ZC3H14 decreases the levels of THO components or *vice versa*. To address this possibility, we treated N2a cells with siRNA against *Zc3H14* or a scrambled control. We collected protein samples from the transfected cells and used immunoblotting to assess the effect of depletion of ZC3H14 on the protein level of THO components ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). We quantified protein levels comparing ZC3H14 depleted samples and control samples using Image J software. Depletion of ZC3H14 did not cause any significant changes in THO protein levels ([Supplementary Figure S1B--E](#sup1){ref-type="supplementary-material"}). However, depletion of ZC3H14 does cause a slight decrease in THOC5 levels that is not statistically significant ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}). We also assessed whether depletion of THO components alters ZC3H14 proteins levels. Results of this analysis confirm that depletion of THO components does not decrease ZC3H14 protein levels ([Supplementary Figure S1F and G](#sup1){ref-type="supplementary-material"}). These data show that the shared phenotypes detected upon depletion of ZC3H14 and THO components are not due to changes in the levels of the associated proteins.

Previous work has explored genetic interactions between the THO complex genes in budding yeast and the gene that encodes the ZC3H14 orthologue, Nab2 ([@B47]). These studies identified complex genetic interactions suggesting that these factors coordinate proper mRNA export in yeast. To extend this analysis to mammalian cells, we used siRNA to simultaneously deplete either ZC3H14 and THOC1 or ZC3H14 and THOC5. As shown in Figure [5A](#F5){ref-type="fig"}, we confirmed depletion of the targeted proteins. Interestingly, in cells simultaneously treated with siRNA against *Thoc1* and *Zc3h14* or *Thoc5* and *Zc3H14*, we found that the decrease in steady-state mRNA levels detected upon depletion of each of these individual components is rescued. In contrast to depletion of any single protein, co-depletion of ZC3H14 and either THOC1 or THOC5 causes no statistically significant change in the steady-state levels of *Atp5g1, Psd95* or *Mapt* (Figure [5B](#F5){ref-type="fig"}--[D](#F5){ref-type="fig"}). In fact, simultaneous depletion of ZC3H14 and THOC1 causes an increase in the steady-state levels of *Psd95* compared to the scrambled control (Figure [5C](#F5){ref-type="fig"}) and depletion of ZC3H14 together with THOC1 or THOC5 causes a slight, but not statistically significant, increase in the steady-state levels of *Mapt* mRNA (Figure [5D](#F5){ref-type="fig"}). These results show that simultaneous depletion of both ZC3H14 and THO components ameliorates the individual effect of depletion of either one of these RNA processing factors.

Previous work demonstrated that ZC3H14 is critical to prevent the escape of premature or intron-containing A*tp5g1* transcript to the cytoplasm in cultured breast cancer cells ([@B9]). To investigate the effect of ZC3H14 and the THO complex on pre-mRNA, we depleted either ZC3H14 or THOC1 using siRNA in N2a cells and fractionated the cells into nuclear and cytoplasmic fractions. We confirmed successful knockdown and fractionation by immunoblotting (Figure [6A](#F6){ref-type="fig"}). As markers for fractionation, we used NUP62 (nuclear) and HSP90 (cytoplasmic) proteins. As illustrated in Figure [6B](#F6){ref-type="fig"}, we designed primers that specifically detect pre-mRNA of *Atp5g1, Psd95, Mapt* and a control transcript *Rplp0*. The location of the qPCR primers is indicated by arrows above their targeted regions in the schematic corresponding to each pre-mRNA. We then assessed whether there is an increase in cytoplasmic pre-mRNA upon siRNA-mediated depletion of ZC3H14 or THOC1 by measuring total, nuclear, and cytoplasmic levels of *Atp5g1, Psd95, Mapt*, and *Rplp0* pre-mRNA (Figure [6C](#F6){ref-type="fig"}--[F](#F6){ref-type="fig"}). RNA levels were normalized first to *18S* rRNA and then to the Scr control for each fraction. After normalization, the fold changes normalized to the Scr control (which were set to 1.0) were compared within each fraction. The amount of both *Atp5g1* and *Psd95* pre-mRNA detected in the cytoplasm significantly increases upon depletion of either ZC3H14 or THOC1 (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). In addition, the total and nuclear levels of *Psd95* pre-mRNA significantly increase with depletion of THOC1 (Figure [6D](#F6){ref-type="fig"}). Consistent with previous data suggesting that *Mapt* is an unshared target of ZC3H14, *Mapt* pre-mRNA levels in the cytoplasm significantly increase upon depletion of ZC3H14 but not THOC1 depletion (Figure [6E](#F6){ref-type="fig"}). However, the total and nuclear levels of *Mapt* pre-mRNA do significantly increase upon depletion of THOC1 (Figure [6E](#F6){ref-type="fig"}). The pre-mRNA of the control transcript *Rplp0* shows no statistically significant change in any of the fractions analyzed (Figure [6F](#F6){ref-type="fig"}). These data demonstrate that depletion of both ZC3H14 and THOC1 can allow escape of specific pre-mRNAs to the cytoplasm.

![Depletion of ZC3H14 or THOC1 causes accumulation of target pre-mRNA in the cytoplasm. N2a cells were treated with scrambled (Scr), *Thoc1*, or *Zc3h14* siRNA and fractionated into Total, Nuclear, and Cytoplasmic (Cyto) fractions. Protein and RNA from these fractions were analyzed by immunoblotting (A) and qRT-PCR (C-F). (**A**) Fractions were probed with antibodies to detect ZC3H14 and THOC1 to confirm efficient depletion. Antibodies against the nuclear protein NUP62 and the cytoplasmic protein HSP90 were used to normalize loading and confirm proper fractionation. Molecular weights are given in kDa and indicated to the left. Asterisks indicate non-specific bands recognized by the commercial THOC1 and NUP62 antibody. (**B**) Schematic of pre-mRNA primers. The locations of the qPCR primers are indicated by arrows in the schematics above the targeted regions. Exons are represented as boxes and introns are represented as lines for each pre-mRNA. Dashed lines indicate regions of the transcript that are not shown. (C--F) Quantification of the total, nuclear, and cytoplasmic (Cyto) pre-mRNA levels in ZC3H14 or THOC1 depleted samples compared to Scr control treated samples. Pre-mRNA levels for (**C**) *Atp5g1*, (**D**) *Psd95*, (**E**) *Mapt* and (**F**) *Rplp0* pre-mRNA were normalized to *18S* transcript levels and are presented as fold change normalized to Scr control. Experimental groups for each fraction (total, nuclear, and cytoplasmic) were compared to the Scr control (which was set to 1.0) within each fraction to assess statistically significant differences. Values represent the mean ± SEM for *n* = 3 independent experiments. Asterisks (\*) indicate results that are statistically significant at \**P*-value \< 0.05.](gky446fig6){#F6}

As the distribution of specific pre-mRNAs changes upon loss of ZC3H14 and THOC1, we examined whether the distribution of the mature mRNAs is affected upon loss of these factors. Using qRT-PCR and primers specific to mature mRNAs, we found that there are no statistically significant changes in the nucleocytoplasmic distribution of mature *Atp5g1, Psd95* and *Mapt* mRNA upon depletion of ZC3H14 or THOC1 ([Supplementary Figure S2A--C](#sup1){ref-type="supplementary-material"}).

The accumulation of pre-mRNA in the cytoplasm upon loss of ZC3H14 or THOC1 led us to investigate how these pre-mRNAs could prematurely exit the nucleus. One possibility is that ZC3H14 and THOC1 modulate the interaction of transcripts with the mRNA export machinery. The ZC3H14 orthologue Nab2 mediates interactions between mRNA export factors and the nuclear pore ([@B10],[@B50],[@B51]). To test whether ZC3H14 modulates interactions between RNA and mRNA export components, we tested whether pre-mRNA aberrantly associates with the mRNA export factor NXF1 upon depletion of ZC3H14 or THOC1. Normally, NXF1 binds to processed mRNA and mediates the rapid export of these mature mRNAs through the nuclear pore ([@B52]). Thus, NXF1 should not associate with pre-mRNA that is not competent for export.

To assess whether loss of ZC3H14 or THOC1 allows premature association of NXF1 with transcripts that are not yet ready for export, we used siRNA to deplete either ZC3H14 or THOC1 in N2a cells, immunoprecipitated endogenous NXF1, and analyzed the NXF1-bound RNAs by qRT-PCR. Figure [7A](#F7){ref-type="fig"} shows an immunoblot of the input levels of NXF1, THOC1 and ZC3H14 and the NXF1 immunoprecipitation from the siRNA-treated cells. Depletion of ZC3H14 slightly decreases the steady-state level of NXF1 as compared to the control, while depletion of THOC1 has no significant effect on the levels of NXF1.

![Loss of ZC3H14 affects NXF1 target mRNA selection. Endogenous NXF1 was immunoprecipitated from N2a cells treated with scrambled (Scr), *Thoc1* or *Zc3h14* siRNA. (**A**) Immunoblot of NXF1 immunoprecipitation. Antibodies against THOC1 and ZC3H14 were used to confirm knockdown of ZC3H14 and THOC1. NPM1 serves as a loading control. Molecular weights are given in kDa and indicated on the left. Asterisk indicates a non-specific band recognized by the commercial THOC1 antibody. (B--E) Quantification of RNA-IP enrichment. RNA isolated from the NXF1 RNA-IP was subjected to qRT-PCR analyzed to detect (**B**) *Atp5g1*, (**C**) *Psd95*, (**D**) *Mapt* and (**E**) *Rplp0* pre-mRNA. RNA levels in the NXF1 bound fractions are normalized to respective input levels and are presented as fold change normalized to Scr control, which was set to 1.0. The locations of the qPCR primers are indicated by arrows in the schematic above the graph. Exons are represented as boxes and introns are represented as lines for each pre-mRNA. Dashed lines indicate regions of the transcript that are not shown. Values represent the mean ± SEM for *n* = 3 independent experiments. Asterisks (\*) indicate that the data are statistically significant at \**P*-value \< 0.05.](gky446fig7){#F7}

To test for the association of NXF1 with pre-mRNA, RNA was isolated from immunoprecipitated NXF1 samples from siRNA-treated cells and subjected to qRT-PCR. RNA was normalized to the input of each condition and then compared to the scrambled control. As shown in Figure [7B](#F7){ref-type="fig"} and [C](#F7){ref-type="fig"}, depletion of ZC3H14 or THOC1 causes a significant increase in the association of NXF1 with both *Atp5g1* (Figure [7B](#F7){ref-type="fig"}) and *Psd95* (Figure [7C](#F7){ref-type="fig"}) pre-mRNA compared to the siRNA control. Depletion of ZC3H14 but not THOC1 causes a significant increase in the association of NXF1 with *Mapt* pre-mRNA compared to scrambled control (Figure [7D](#F7){ref-type="fig"}). As a control, we measured NXF1 enrichment with *RPLP0* pre-mRNA because this transcript was unchanged upon depletion of ZC3H14 nor THOC1. Neither depletion of ZC3H14 or THOC1 increases the association of NXF1 with *Rplp0* pre-mRNA (Figure [7E](#F7){ref-type="fig"}).

DISCUSSION {#SEC4}
==========

In this study, we employed an unbiased proteomic approach to identify factors that interact with ZC3H14 in the murine brain. From this analysis, we identified a link between ZC3H14 and proteins that comprise the THO mRNA processing complex. Detailed analysis reveals that ZC3H14 interacts with THO components in the nucleus. We present evidence that ZC3H14 and the THO complex can cooperate to ensure proper processing of mRNA. In fact, ZC3H14 and the THO components THOC1 and THOC5 are required for proper control of bulk poly(A) tail length. In addition, we identified the transcripts *Atp5g1*, a nuclear encoded component of the mitochondria ATP synthase machinery ([@B29]), and the neuronal post synaptic density component, *Psd95* ([@B30]), as shared targets of ZC3H14 and the THO complex. Both ZC3H14 and the THO complex are required for the proper processing of the *Atp5g1* and *Psd95* transcripts, as loss of either of these factors leads to a decrease in the steady-state levels of the mature transcripts. Furthermore, we provide evidence that the decrease in the steady-state level of the mature transcripts could be due to the improper export of the unprocessed pre-mRNAs from the nucleus via association with RNA export factors. Thus, these data suggest a model where ZC3H14 and the THO complex are critical RNA regulatory factors that cooperate to coordinate nuclear mRNA processing events with export from the nucleus.

This work highlights the requirement for ZC3H14 and the THO complex in mRNA processing and establishes ZC3H14 and the THO complex as surveillance factors for nuclear mRNA processing in vertebrate cells. These data support the model presented in Figure [8A](#F8){ref-type="fig"}, where ZC3H14 and the THO complex are recruited to the transcript as early as splicing to ensure that the proper processing of the transcript is coupled with nuclear export. Once the transcript is checked for quality, ZC3H14 and the THO complex would then facilitate subsequent association with export factors such as NXF1.

![Model. Nuclear surveillance model for ZC3H14 and the THO complex. (**A**) In our speculative model, ZC3H14 and the THO complex are recruited to mRNA either concomitant with or after splicing. Following binding to the mRNA, ZC3H14 and the THO complex facilitate the subsequent interaction of the mRNA with export factors such as NXF1 and nuclear pore proteins (Nups), such as the nuclear basket Nup, TPR ([@B73]). (**B**) Loss of ZC3H14 or the THO complex causes the uncoupling of mRNA processing from nuclear export. This impairment decreases the amount of mature mRNA exported to the cytoplasm and allows an increase in the export of intron-containing premature mRNA. Loss of ZC3H14 or the THO complex allows the pre-mRNA to bypass further processing steps and improperly gain access to the mRNA export machinery.](gky446fig8){#F8}

Consistent with this model, loss of ZC3H14 or the THO complex causes defects in nuclear mRNA processing, possibly by uncoupling processing events and mRNA export (Figure [8B](#F8){ref-type="fig"}). This compromised quality control pathway, resulting from loss of ZC3H14 and the THO complex, could underlie the increase in the bulk poly(A) tail length of RNA and a decrease in the steady-state levels of mature target transcripts. These defects could occur because the improperly processed transcripts can bypass further processing steps and gain access to the export machinery. This defect would then cause an increase in the amount of pre-mRNA in the cytoplasm and possibly lead to downstream effects on gene expression.

Although our studies provide evidence that ZC3H14 and the THO complex cooperate to regulate mRNA processing, additional studies are required to define the precise nature of the interaction. Our mass spectrometry data reveal that all six members of the THO complex as well as the THO-associated proteins ALYREF ([@B39]) and CHTOP ([@B38]) co-immunoprecipitate with ZC3H14. We confirmed that ZC3H14 interacts with the THO components THOC1, THOC2 and the THO-associated protein ALYREF and that these proteins can exist in a macromolecular complex. The interaction between ZC3H14 and THOC1 is RNase insensitive, but the interaction between ZC3H14 and THOC2 is decreased by RNase treatment suggesting an RNA-independent interaction between ZC3H14 and THOC1. While the composition of the evolutionarily-conserved THO complex has been studied extensively in budding yeast ([@B44],[@B53]), there is little information about the organization of the vertebrate THO complex or how the complex binds RNA. The THO complex could interface with various RNA-binding proteins to dictate the fate of different target transcripts. As our data reveal that ZC3H14 interacts with the THO complex, ZC3H14 could be an auxiliary component of the THO complex that targets the complex to certain mRNAs for specific functions. Thus, the THO complex could cooperate with distinct RNA-binding proteins to modulate different RNA processing events. Additional studies will be required to determine if ZC3H14 interacts directly with the THO complex, however; more knowledge of the overall organization of the THO complex must be acquired to lay the groundwork for these studies.

Both ZC3H14 and components of the THO complex are localized to nuclear speckles ([@B15],[@B20]), which are nuclear domains enriched for RNA processing factors such as those required for pre-mRNA splicing ([@B56],[@B57]). The location of ZC3H14 and the THO complex within these nuclear speckles appropriately poises these factors to surveille mRNA processing. While a direct role for ZC3H14 in mRNA quality control has not been fully established, our proteomic data provide additional evidence for a link between ZC3H14 and proteins that comprise the exon junction complex (EJC). The EJC is deposited 20--24 nucleotides upstream of the 5′ end of splice junctions and then dictates further processing events including mRNA export ([@B58],[@B59]). Together with the EJC, ZC3H14 and the THO complex could ensure that the proper processing of mRNA occurs prior to nuclear export.

Both our analysis of combined depletion of ZC3H14 and THO components and genetic studies in budding yeast ([@B49],[@B60]) provide interesting insight into how these factors cooperate. Studies in budding yeast have shown that growth defects of *nab2* mutants can be suppressed by other mutants in the mRNA export pathway including *tho1Δ* and *pml39Δ* ([@B49],[@B60]). Deletion of *THO1* results in restoration of nuclear export and improved growth of *nab2* mutants ([@B49]), while *pml39Δ* mutants suppress the growth phenotypes of *nab2* mutants ([@B60]). In agreement with these data, our work shows that the combined loss of ZC3H14 and THO components rescues the steady-state levels of target mRNAs that are decreased upon depletion of either individual component. We suggest that this rescue could be the result of an increase in the export of defective RNA. As quality control factors, ZC3H14 and the THO complex would normally prevent export of defective or unprocessed mRNAs from the nucleus. The loss of one factor would cause an increase in mRNA processing defects as both ZC3H14 and the THO complex contribute to proper mRNA processing. The defective RNAs would then be retained in the nucleus and presumably degraded, resulting in the decreased steady-state levels of the mature mRNA seen with individual depletion of one component. However, in our model with the simultaneous loss of both ZC3H14 and the THO complex, the defective RNAs are not retained and degraded in the nucleus but instead can escape to the cytoplasm, which accounts for the restored steady-state levels of the target mRNA. Further characterization of the defects observed upon simultaneous depletion of ZC3H14 and THO components is needed to test this model and elucidate the exact role these factors play in the mRNA quality control pathway. Nonetheless, the confluence of the results obtained with genetic studies in budding yeast and siRNA in cultured cells strongly supports functional interplay between these mRNA processing factors.

A future challenge remains in understanding precisely how ZC3H14 and the THO complex cooperate to dictate the fate of a given mRNA. The mechanisms by which ZC3H14 and the THO complex are recruited to transcripts and the exact roles they play in mRNA processing are still not understood. With ZC3H14 and the THO complex localized to nuclear speckles, one possible model is that these factors are recruited to the transcript concomitant with the processing of the pre-mRNA. As the pre-mRNA is undergoing processing, ZC3H14 and the THO complex would govern proper polyadenylation of the 3′end and then the eventual export of the mRNA. Furthermore, recent reports have found that ZC3H14 and some THO components are detected in the cytoplasm ([@B61]), suggesting these proteins could accompany the mature mRNP to the cytoplasm for further regulation. Thus, these components potentially influence gene expression both through mediating and/or monitoring processing steps in the nucleus and/or through direct modulation of mRNA fate in the cytoplasm. For example, ZC3H14, which binds with high affinity to polyadenosine RNA ([@B16]) could compete with the cytoplasmic poly(A) binding protein, PABPC1, for binding to poly(A) tails to modulate translation.

As ZC3H14 and members of the THO complex are ubiquitously expressed ([@B15],[@B19],[@B43]), how the loss of these factors can cause brain-specific pathology is unclear. If ZC3H14 and the THO complex influence the fate of mRNA transcripts in the cytoplasm either by ensuring proper completion of nuclear processing events or by accompanying specific RNAs to the cytoplasm, this function could be more critical in neurons than in other cell types ([@B64],[@B65]). Alternatively, ZC3H14 and the THO complex could be critical for the regulation of a specific subset of key neuronal transcripts. The loss of ZC3H14 and THO components does not affect all transcripts ([@B9],[@B27]) raising the possibility that these factors have specificity for certain neuronal transcripts. Indeed, the *Atp5g1* and *Psd95* transcripts studied here are critical for proper neuronal function and are also trafficked to neurite extensions to modulate local mitochondrial function in the case of *Atp5g1* ([@B66]) or to maintain the integrity of the post synaptic density in the case of *Psd95* ([@B30]). Loss of either ZC3H14 or THO components would impair the processing of these transcripts, potentially interfering with proper temporal and spatial control of gene expression.

While we identified the interaction between ZC3H14 and the THO complex in the brain, this interaction is likely conserved in other tissues and cell types as these factors are all ubiquitously expressed. Thus, interplay between ZC3H14 and the THO complex could provide a fundamental mechanism to couple nuclear mRNA processing with export from the nucleus. We speculate that ZC3H14 and THO may be critical for a subset of transcripts. Indeed, the THO complex has been implicated in the resolution of R loops ([@B67]). Transcripts prone to form R loops may be dependent on THO and ZC3H14 for efficient processing. In fact, recent studies report that the splicing out of introns prevents the formation of R-loops ([@B67]) and that retained introns with high GC contents are prone to the formation of R-loops leading to DNA damage ([@B71]). While the introns examined in this study have not been classified as retained introns, they do have high GC contents (\> 50%). Interestingly, in addition to high GC contents, R-loops are enriched for polyadenosine tracts ([@B72]). As ZC3H14 binds to polyadenosine RNA, ZC3H14 and the THO complex could work alongside the splicing machinery to aid in the resolution of R-loops during the splicing out of introns with high GC content prior to nuclear export. ZC3H14 would bind to the A-rich regions of these introns, preventing them from forming R-loops. Depletion of ZC3H14 or THO components could lead to an increase in R-loops and impact mRNA processing such that pre-mRNA accumulates, allowing improperly processed mRNA to gain access to the export machinery. Studies are underway to define the spectrum of direct targets for these factors in a common cell type. If ZC3H14 and the THO complex are needed to prevent R-loop formation, transcripts that are more prone to R-loop formation could represent a class of RNAs that are co-regulated by ZC3H14 and the THO complex. Future studies are needed to assess whether ZC3H14 and the THO complex are required for the proper processing of transcripts that are prone to R-loop formation.

In summary, our work identifies the THO complex as a novel protein interactor of ZC3H14. Using detailed biochemical and molecular approaches, we characterized the interaction between ZC3H14 and the THO complex as well as their regulation of target transcripts. Our work supports a model where ZC3H14 and the THO complex work together as quality control factors for nuclear mRNA processing and this work highlights the importance of both ZC3H14 and the THO complex in the mRNA quality control pathway.
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